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Stopped-Flow Analysis of CO and NO Binding to Inducible Nitric Oxide Synthase
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ABSTRACT. The oxygenase domain (amino acids498) of inducible nitric oxide synthase (iNQgis a
hemeprotein that bindsarginine (-Arg) and tetrahydrobiopterin (8). During NO synthesis, the heme

iron must bind and activate Dbut it also binds self-generated NO to form an inactive complex. To
better understand howArg and HB affect heme iron function in INQg, we utilized stopped-flow
spectroscopy to study heme reactivity with CO and NO and the properties of the resulting CO and NO
complexes. CO and NO binding to ferrous and ferric (NO only) iBNG@8d subsequent complex stability
was studied under four conditions: in the absence-Afg and HB and in the presence of either or both
molecules. Ferric INO& withoutL-Arg or HsB was dimeric and contained low-spin heme iron, while in
H4B- or L-Arg-saturated iINO&, the heme iron was partially or almost completely high-spin, respectively.

In the presence of-Arg or H4B, the rate of CO binding to ferrous iN@Swas slowed considerably,
indicating that these molecules restrict CO access to the heme iron. In contrast, rates of NO binding
were minimally affected. Under all conditions, the off rates for CO and NO were very high as compared
to other hemeproteins. The six-coordinaté-+F€0 and -NO complexes that initially formed were unstable
and converted either slowly (CO) or quickly (NO) to their respective 5-coordinate complexes. However,
this transition was largely prevented by eitheArg or HsB and was reversed upon air oxidation of the
complex in the presence of these molecules. ThyB,a&hdL-Arg both promote a conformational change

in the distal heme pocket of iINQgthat can greatly reduce ligand access to the heme iron. The ability
of H4B andL-Arg to prevent formation of a five-coordinate heme-fi¢O complex, along with the high

off rates observed for NO, help explain why iNOS can remain active despite forming a complex with NO
during its normal catalysis.

Nitric oxide (NO)Y is produced in animals by the NO 19). Each domain when expressed individually retains its
synthases (NOSs). Three isoforms of NOS have beennative functions and propertie®,(11, 13, 20, 2L For
characterized, and although they differ in their primary example, the NOS oxygenase domains when expressed in
sequence and mode of expressidr-4), they are similar  insect cells or irEscherichia coliare dimeric, display normal
regarding catalysis and composition. For example, they binding affinity toward.-Arg and H;B, and can catalyze NO
catalyze a two-step oxidation afarginine (-Arg) that and citrulline synthesis in either any®,-driven reaction or
initially generates M-hydroxyarginine as an enzyme-bound when provided with NADPH and their respective reductase
intermediate $—7) and NO plus citrulline as final products  domain @, 21, 23, whereas the reductase domains when
(4, 8). Allthree NOS are homodimeric in their active forms  expressed in yeast & coliare monomeric and can transfer

with each subunit being comprised of an N-terminal oxy- NADPH-derived electrons to artificial acceptors at rates that
genase domain that binds heme, tetrahydrobiopteriBXH  match the full-length native proteingg, 23.

and L-Arg, and a C-terminal reductase domain that binds
FMN, FAD, calmodulin (CaM), and NADPH 9%-13).
During NO synthesis, the reductase domain functions to
obtain electrons from NADPH and passes them to the
oxygenase domain, where NO synthesis takes plack4-

A variety of evidence suggests the NOS heme plays a
central role in catalysi®s( 23—-25). Electron transfer to the
heme iron initiates NO synthesis frarrArg or superoxide/
H,0O, production in the absence of substréaté<{16, 19, 26.

In both cases, the reaction likely involves ®inding to
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heme Fe-NO complexes during normal catalysisg( 39,

Abu-Soud et al.

kinetic measurements were carried out using a Hi-Tech

and this markedly reduces their steady-state activity and altersstopped-flow apparatus (model SF-51) equipped for anaero-

their O, response40).

Substrate and B must both bind to NOS to support NO
synthesis§, 41-43). Although neither coordinate as ligands
to the heme iron, their binding markedly influences its
properties. For example-Arg binding to HB-saturated

bic work. Measurements were carried out at °ID and
initiated by rapid mixing of a solution of INQB (2 uM) in
the absence or presenceefrg (2 mM) and/or HB (10
uM) with a solution containing different concentrations of
CO or NO. The reactions were monitored at single

neuronal NOS has been reported to shift the heme iron spinwavelengths to monitor combination of iNQSvith CO or

equilibrium toward high-spin3B, 38, 44, increase heme iron
reduction 86), and alter its electronic propertiegl5),
antagonize binding of NO, CN and imidazole 35—39),
decrease the rate of CO rebindirg86( 49, alter heme iron-
bound ligands such as CO and NG5( 47, and protect
portions of the porphyrin ring against covalent modification
by electrophiles generated within the active sit8)( These
findings are all consistent witlrArg occupying space above

NO. Signal-to-noise ratios were improved by averaging
7—10 individual traces. The time courses were fit by use
of nonlinear least-squares method provided by the instrument
manufacturer, as described previous$)( In some experi-
ments, the stopped-flow instrument was attached to a rapid-
scanning diode array device (Hi-Tech MG-6000) designed
to collect 96 complete spectra in a specific time frame. The
diode array detector was calibrated relative to five reference

the distal side of the heme in order to interact with activated absorbance wavelengths of holmium oxide filter (Hy-I) at
oxygen species that are presumably generated at the hem862, 420, 446, 460, and 536 nm. Rapid scanning experi-

iron. Recent work with B-free or -deficient dimeric NOS

ments involved mixing anaerobic solutions of INQSIO

expressed in bacteria show that its heme iron is either complex with anaerobic buffer solutions containing 400
completely or predominantly six-coordinate low-spin and can sodium dithionite, or solutions of dithionite-reduced iNQS
bind bulky ligands such as DTT that are normally excluded With anaerobic solutions saturated with NO, at°1

from the active sitel(3, 49-51). H,B binding partially shifts

Sample and Solution Preparatiorin some cases, INQS

the heme iron spin equilibrium toward high spin, displaces samples were incubated overnight in 40 mM Bis-Tris

heme iron ligands such as DT5(, 5J), stabilizes the heme
iron-thiolate bond 47), and protects the porphyrin ring
against alkylation in a pattern distinct fromArg (48).
Together, these results indicate thafArg or H,B have

propane buffer, pH 7.4, containing 1 mM DTT, &M H,B
and/or 5 mML-Arg. Anaerobic 0.1 M Bis-Tris propane
buffer, pH 7.4, containing various concentrations of CO or
NO were prepared by mixing different volumes of buffer

similar but not identical effects on the heme iron environment saturated with CO or NO gas at 2C with an anaerobic
and suggest that conformational changes associated with theibuffer solution. Saturating concentrations of CO and NO

binding close up the distal heme pock4f). In the current

report, we utilize NO and CO as model ligands to further

investigate how-Arg and H,B control heme iron reactivity

and coordination structure in the oxygenase domain of

inducible NOS (iNOS)).

MATERIALS AND METHODS

at 21°C are approximately 1 and 2 mM, respectively.

RESULTS

Formation and Stability of INOg Fe'—CO Complexes.
Our previous work suggested that cysteine thiolate coordina-
tion to heme iron of neuronal NOS was destabilized if the
preparation was partially iB-free 9). We therefore

Materials. CO and NO gases were purchased from investigated if.-Arg and HB alone or in combination could
Matheson Gas products, Inc., and used without further stabilize heme iron ligand structure of the! F&€O complex
purification. All reagents and materials were obtained from of INOS,,. The insets of Figure 1, panels7D, show the

Sigma or from sources reported previoush2(53.
Protein Purification. INOS,x domain (amino acids-1498)

containing a six-histidine tag at its C terminus was overex-

pressed irE. coli using the PCWori vector and isolated as
previously reported50, 549. The protein as isolated was
free ofL-Arg and H,B and was~85% dimeric as judged by
gel filtration chromatography. The iIN@&oncentration was

absorbance spectra obtained for ferric iINQsamples after

an overnight dialysis in buffer alone or in buffer containing
either 5 mML-Arg, 50 uM H,4B, or a combination of both
molecules. The iNOg dialyzed in buffer alone exhibited

a Soret absorbance peak at 417 nm, indicating its heme iron
was in a fully low-spin statel@). Samples equilibrated with
L-Arg or H4B alone exhibited broad Soret maxima centered

estimated based on an extinction coefficient previously near 400 nm, consistent with a mixture of high- and low-

reported $4).

spin ferric heme ironi3, 26. A sample equilibrated with

Optical Spectroscopy and Rapid Kinetic Measurements. L-Arg and HB together exhibited a narrow Soret band

Optical spectra were recorded on a Hitachi 3010-isible
spectrophotometer, at 10C. Anaerobic spectra were

centered at 398 nm, indicating predominantly high-spin heme
iron, as observed for native iIN@Q3under this conditioni(1).

recorded using septum-sealed quartz cuvettes that could bd his confirms that -Arg and HB can bind independently
attached through a quick-fit joint to a vacuum system. The t0 INOS, and alter its heme iron environment.
iINOS.x samples were made anaerobic by repeated cycles of Adding dithionite to the INO& samples that were

evacuation and equilibrated with catalyst-deoxygenated N

equilibrated in the presence or absenca -#rg and HB

Separate buffer solutions containing cofactors were evacuateccaused immediate heme reduction in all cases as judged by
and gassed with Nn a separate vessel and were transferred a decrease in Soret peak absorbance and its shift to 414 nm
to stopped-flow instrument or to anaerobic cuvettes using (Figure 1, insets)1(5, 1§. No further spectral change was

gastight syringes. Cuvettes were maintained undeC®,

observed after 90 min under anaerobic conditions, indicating

or NO positive pressure during spectral measurements. Thethat ferrous iINO§ is stable under each of the four conditions
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Ficure 1: Light absorbance spectra of ferric INQ@nd F&—CO iNOSx complexes in the presence or absence-éfrg and HB.

Cuvettes contained 2M iNOSox under an anaerobic, CO saturated atmosphere &€ 10 the presence or absence of 2 mMrg and

10uM H4B, as noted in the inset of each panel. Enzyme was reduced by adding a slight excess of dithionite. Spectral traces were recorded
immediately after reduction, and then after everyl® min for up to 5 h. Arrows in panel A indicate the direction of spectral change over

time. Selected spectra were omitted from each panel for clarity. The insets show the spectra of fergiauiniesthe conditions noted in

each panel-{), after adding dithionite to reduce iIN@Sheme iron (---), and 90 min after reductiofi-J. In some cases, the dashed and

dotted lines were superimposed. The data are representative of four experiments.

(Figure 1, insets). Adding CO to theArg- and H,B-free
ferrous iINOS, (panel A) caused an immediate buildup of a
CO complex with Soret absorbance maximum at 444 nm,
but this species was unstable because its Soret peak gradually
shifted to 421 nm over a 300 min time period at°@ The
spectral change suggests that cysteine thiolate coordination
to the ferrous heme iron is destabilized upon binding CO
under these condition89). Formation of the 421 nm te-
CO complex was not associated with conversion of dimeric
iINOS. into monomers, as determined by gel filtration (data
not shown). F&-CO complexes of iINO& that were
saturated with either-Arg or H,B showed much less
conversion to the 421 nm species over the same time period
(panels B and C), and an iIN@Sample saturated with both 0.10 5 100 200 300
L-Arg and H,B showed no detectable conversion (panel D). Time (min)
The kinetics of spectral change associated with conversion ) } .
of the 450 nm F&-CO complex to the 421 nm species Under Fg- o comalor of NG, The absorbante uanon ot 444 nm
each of the four conditions is shown in Figure 2. On this from each spectral scan recorded in the experiments shown in the
basis, the conversion rate observed forith&rg- and H;B- Fhanels of Figurfe Jré af% p'}gtte?.\geiﬁus time fO*'if@g iN(g)Saxt I;r(le
free INOSx F€'—CO complex was best described by a € presence oru andiL-/Arg (@), (N€ presence al-Arg (@),
single-exponential function with rate constant of 5303 presence of kB (4), and the absence of bothArg and HE (M).
min~! at 10 °C. Removing bound CO by degassing binding using stopped-flow spectroscopy. Figure 4 contains
regenerated the original ferrous iINQSpectrum in all four representative stopped-flow traces of absorbance change at
cases. Some precipitation occurred upon degassing thet44 nm versus time that were obtained in the presence of
iINOS.x sample that had completely converted to the 420 nm excess CO. In the absence of batfArg and HB (panel
Fe'—CO species in the absence i6fArg and HB. Fur- A), complex buildup was relatively fast and was best
thermore, exposing the regenerated ferrous species to aidescribed by a single-exponential equation with an pseudo-
generated the original ferric iINQSspectrum in all four first-order rate of 253 8. When the same reaction was
cases, as shown for theL-Arg/—H,B and +L-Arg/+H,B monitored over a longer time period, a slow decrease in
samples in Figure 3. absorbance at 444 nm was observed due to slow conversion
Kinetics of CO Binding.To examine how.-Arg and/or to the 421 nm complex (data not shown). In the presence
H,B affect CO binding to ferrous iNQg we studied CO of H4B, buildup of the F&—CO complex was biphasic and

Absorbance (444 nm)
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0.3 ~Larg Table 1: Kinetics of CO and NO Binding to iNQ3
-H.B complex condition kon (UM 157 kot (57)
Fe'—CO —H4B — L-Arg 0.25+4+ 0.02 98+ 5
—H4B + L-Arg 0.021+ 0.002 3.6+ 0.6
+H4B — L-Arg 0.234+ 0.02 78+ 6
0.006+ 0.001 2.1+ 0.3
+H4B + L-Arg 0.007+ 0.0004 1.3A0.11
Fd'—NO —H4B — L-Arg 1.82+ 0.03 134+ 4
—H4B + L-Arg 1.40+ 0.25 82+ 28
° +H4B — L-Arg 0.69+ 0.05 48+ 9
o +H4B + L-Arg 0.67+ 0.03 39+ 3
S Fe'"—NO —H4B — L-Arg 0.059+ 0.004 29+ 3
;6) —H4B + L-Arg 1.57+0.14 118+ 22
2 0.2 + L-arg +H4B — L-Arg 1.34+0.09 105+ 10
+HB +H4B + L-Arg 0.994 0.02 13+ 3

erarsermarranrardien)

aThe combination of INOSox and CO or NO was studied at@0
using single wavelength stopped-flow spectroscopy. Rhend Ko
values were derived by graphitkgys versus ligand concentration.

o

0.1
phase. Inthe presenceiofirg or L-Arg plus H,B, buildup
of the F¢—CO complex was monophasic with pseudo-first-
order rates of 16 and 5.4% respectively. The reactions
were repeated at different CO concentrations to obtain the
400 500 600 700 second-order combination rate constamts) @nd the first-
Wavelength (nm) order dissociation rate&4) for each of the four conditions.
Ficure 3: Reversiblity of FE—CO complex formation. Cuvettes  The insets of Figure 4 show the rate of spectral change as a
contained 2«M INOS,, under an anaerobic atmosphere at’@  fynction of CO concentration under each circumstance. In

in the presence or absence of 2 mMvrg and 10uM H,4B. Panel ; ; A
A shows INOS, as isolated in the absenceishrg and HB (—), all cases, the plots were linear with positive intercept at the

after reduction by dithionite:(+), 2 h after adding CO to form the y—a?(is, indicating that CO pinding is reversible and follows
Fe!—CO complex (--), and after degassing the CO and exposing a simple one-step mechanism. Thgandk. values were
to air (+-). Panel B shows iNQOg in the presence af-Arg and derived from the graphs and are summarized in Table 1.

H4sB (— rr ion ithionite-{ r in . . L .

form (thé' Eﬁicédggtrﬁp|e?(y(f’_f), %ﬁ;er éﬁgiﬁiingdt%egcgou;%e, Formation of Ferric- and Ferrous-Nitric Oxide Com-
anaerobic conditions{), and exposing the iNQgsolution to air plexes. NO reacted with ferric INO& in the absence or
(=) presence of-Arg and HB to form a complex that displayed

a Soret peak at 440 nm and two absorbance bands centered
1004 A B at 549 and 580 nm in all cases (Figure 5), consistent with a

six-coordinate Pe~NO complex 8). The Fé—NO com-

plexes were stable over time in the presence or absence of
H4B andL-Arg as judged by little or no detectable change

s

Rate {s)

Ny
g - “] b T e in absorbance of the ferric INQSNO complex over a 100
S " Bomi * Boma min range (Figure 5).
50 oo ooz 0 oz o8 Addition of NO to the ferrous iNOg in the absence of
8 D L-Arg and HB initially formed a complex that displayed a
2 Soret absorbance at 436 nm and a broad band centered at
/50 576 nm (Figure 6), typical of the six-coordinate"FNO
. égg / complex @8), but this complex was extremely unstable and
€ ool i o] THBbpern quickly converted to a species displaying a Soret band at
, 00 0z, % 08 00 ez G os 396 nm and a visible band at 580 nm (Figure 6). Under
0 05 1o 05 1 these conditions, the conversion in the absorbance Soret from
Time (sec) 436 to 396 nm was biphasic and it was completed within

FiGURE 4. Stopped-flow analysis of CO binding to iINQSinder 480 s.

various conditions. An anaerobic solution containing\2 ferrous .
iINOS,, and in some cases 4 mMArg and/or 20uM H,B (as The conversion to the 396 nm NO complex occurred both

noted in the insets) was rapid mixed with a CO-saturated buffer when NO was added to prereduced ferrous iBQ8s in

solution at 10°C, and the buildup of ﬁhe Fecg Iq:om_plex was __ Figure 6) and when the Fle-NO complex was reduced with
monitored at 444 nm versus time. The smooth line in each trace yypinnite (Figure 7). In the latter case, the time course of

represents the theoretical line of best fit. The insets contain plots . . . .
of the observed rates of CO binding at different CO concentrations. this reaction was monitored over 1.6 s (Figure 7, panel A)

The two lines present in inset C indicate that CO binding under or over 48 s (panel B), and the time course of absorbance
this condition was biphasic. The data are representative of three orchange at 440 nm for each is shown in the insets of the
four separate experiments. panels. The absorbance change in the first part of the
best fit to a two-exponential function with pseudo-first-order reaction collected over 1.6 s (upper panel inset) was best fit
rates of 210 and 4.5& Between 75 and 85% of the total to a single-exponential function with a rate constant of 4.5
absorbance change at 444 nm was associated with the slove™?, while the change observed over the entire reaction was
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Ficure 5: Light absorbance spectra of the ferric INQ®NO FiIGURE 7: Reduction of FE—NO iNOS,« and subsequent conver-

complex in the presence or absence ¢#irg and HB. Cuvettes sion to the 396 nm complex. The panels contain rapid-scanning
contained +2 uM iINOS, under an anaerobic NO saturated diode array spectra recorded during the reaction $f-R¢0 iINOS
atmosphere at 10C in the absence (panel A) or presence of 2 (4 uM) with a buffer solution that contains excess dithionite (600
mM L-Arg and 10uM H4B (panel B). Spectral traces were recorded uM). The time course of the reaction was monitored over 1.6 s

immediately after NO addition, and then after everyl® min for (upper panel) or over 50 s (lower panel). Eight different selected
up to 90 min. Some of the spectra recorded between the 0 and 90spectra are shown in each panel for clarity. The insets show the
min scans were omitted from each panel for clarity. kinetics of spectral change at 440 nm that occurs within the time
frame of each panel. The time courses were fit to a single or double
0.3 exponential function (solid line in upper and lower inset, respec-
03 tively).
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Ficure 6: Formation of the iINO§& Fe'—NO complex and its ' ) |,

conversion to the complex absorbing at 396 nm. Rapid-scanning 0'0300 400 500 600 700

diode array spectra were recorded during the reaction of dithionite- Wavelength (nm)

reduced iINOS§ (4 M) with an anaerobic buffer solution containing

NO (200uM) at 10°C. Ninety-six scans were collected over 480 Ficure 8: Capacity of the Fe-NO iINOS,x 396 nm complex to

s. Eight different spectra (0.0056, 40, 120, 200, 280, 320, 400, andbindL-Arg and HiB and regenerate an iretthiolate bond following

480 s) are shown for clarity. The first spectra corresponds with the air oxidation. The cuvette contained an anaerobic buffer solution

initial formation of six-coordinate Fe-NO complex, which then containing 2.5uM iNOS,,. A scan was recorded after the NO

converted to the 396 nm complex over time. The inset shows the complex had fully converted to its 396 nm form (iINQFe+—

same reaction as followed by conventional light absorbance NO). Excess NO gas was removed by purging with&hd a scan

spectroscopy. In this case, spectral traces were recorded immediatelyvas recorded after the sample was oxidized by exposure to air

after NO addition and then after every 2 min for up to 30 min.  (+0,). L-Arg (2 mM) and HB (10 M) were added and a scan
recorded ¢L-Arg + H4B). The sample was then placed under an

; . i tion with rat nstan f anaerobic CO atmosphere, reduced with dithionite, and a final scan
best fit to a two-exponential functio th rate constants o recorded £ CO). The inset magnifies the five spectral scans in the

_6'5 and 9'075 S (lower p_apel |nset)_. The overall reactlo_n region from 450 to 700 nm. The experiment shown is representative
is complicated because it involves INOSox heme reduction of two.

in addition to coversion of six-coordinate INQINO to the

396 nm complex. Conversion to the 396 nm NO complex  We next determined whether conversion to the 396 nm
was slowed in the presence ofArg or HsB and did not Fe'—NO species irreversibly changed the heme iron ligand
occur at all in the presence of both molecules (data not structure of INOS; or altered its ability to respond teArg
shown), indicatingL-Arg and HB stabilized the six- and HB. As shown in Figure 8, air oxidation of a preformed
coordinate ferrousNO complex of iINOS. 396 nm F&—NO complex generated a species whose
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exponential function with an observed rate constant of 295
s, while subsequent conversion to the 396 nm complex
was biphasic and best fit to a double exponential function,
with observed rate constants of 0.096 and 0.0036 #
plot of the rate constants observed at different NO concentra-
tions is shown as an inset in each panel of Figure 9. The
plots are linear with positive intercept, indicating that
formation of the initial FeE—NO complex and its subsequent
conversion are reversible reactions that each proceed by a
one-step mechanism. The rate at which the initidHR&¢O
complex converted to the 396 nm complex was independent
. . of the NO concentration. These experiments were repeated
0 100 200 300 using iINOSx samples equilibrated with-Arg and/or HB.
0 . [NOluM In all cases, the stopped-flow signals and results were
0 0.01 0.02 gualitatively similar to the example shown in Figure 9A. The
100 kon and ko Values derived for NO binding to iINQgSunder
B 0.15 the four various conditions are summarized in Table 1.

100

50

0.10 b . DISCUSSION

% Absorbance Change

Rate (s°")

Expressing iNO& in E. colienabled us to study how,H
and L-Arg each affect heme iron ligand structure and
50 0.00 - reactivity with the diatomic ligands CO and NO. Although
0 100 200 300 INOS. was free of_.-Arg and H,B, it was still 85% dimeric
(NOJ uM as judged by gel filtration chromatography and maintained
a cysteine thiolate axial ligand, consistent with previous
reports (1, 50, 54. The optical absorbance spectrum
showed the heme iron was in a low-spin form, presumably
indicating a water or hydroxide is present as a sixth ligand
0 ' (35, 47). Solvation of the distal pocket to generate low-
0 250 500 spin heme iron is consistent with the pocket being able to
Time (sec) accommodate a large ligand like DTT in the absenae /Ay
FIGURE9: Kinetics of Fé—NO complex formation in the absence and HiB (50, 51 and suggests an open distal pocket exists
of L-Arg and HB and its conversion to the 396 nm complex. An in the INOS dimer under such circumstances,B-or L-Arg

anaerobic buffer solution containing® ferrous iNOS, was rapid altered the heme environment when provided alone or

mixed with an anaerobic solution containing 20M NO at 10 ; ; it
°C. Panels A and B indicate absorbance change at 436 nm Versu%ogether, based on their partial or complete stabilization of

time. In panel A, buildup of the Fe-NO complex is monitored, igh-spin ferric heme iron.
yvhile ir) panel B the subsequenjt conversion to the 396 nm g:omplex CO Binding to Ferrous iNO& Mixing ferrous iNOSy
is monitored. The smooth line in each trace is the theoretical line with CO generated a six-coordinate'FeCO complex in the

of best fit. The insets contain plots of the observed rates obtained b A d HB, but th b i
at various NO concentrations. The two lines present in inset B PTESENCE O abSence BiArg an » but the subsequen

indicate that conversion of the initial complex under this condition Stability of this complex depended on the experimental
was biphasic. The data are representative of two identical experi- conditions. Particularly in the absence of batrg and

ments. H4B, there was a slow but near quantitative conversion of

spectrum was identical to low-spin ferric INQS Addition the six-coordinate complex to one absorbing at 422 nm,
of L-Arg and H;B to the sample caused a shift to a primarily which likely indicates breakage or weakening of the natural
high-spin form with Soret absorbance at 398 nm. Subsequentthiolate ligand provided by Cys194 (55) and possible
reduction with dithionite and exposure to CO generated a Substitution by an alternative ligand such as a histidine
Fe'—CO species that absorbed maximally at 444 nm, hitrogen @9). This conversion was to a large extent
indicating that the ferrous heme iron was six-coordinate with Prevented either by bound-Arg or H,B, indicating an
a cysteine thiolate serving as the proximal axial ligand. Thus, important role for these molecules in stabilizing the thiol
we observed the original heme iron ligand structure and a iron bond in the F&~CO complex.
normal response to-Arg and H;B after air oxidation of the L-Arg and H,B also appeared to restrict CO access to the
396 nm FE—NO complex. ferrous heme iron as judged by their affects on CO binding
Kinetics of NO Binding and Carsion to the 396 nm  rate. The rate observed in the absence-éfrg and HB
Complex. Figure 9 contains stopped-flow traces of absor- was decreased by a factor of 16 in the presence-Afg
bance change at 436 nm versus time that were obtained atind by a factor of 40 in the presence afgHandL-Arg. In
10°C when a solution containing excess NO was mixed with the presence of {8 alone, two kinetically distinct species
ferrous iINOS in the absence of both-Arg and HB. could be distinguished in that £25% of the heme iron
Buildup of the initial complex absorbing at 436 nm is shown bound CO at the original fast rate, and the rest bound CO
in panel A, while its subsequent conversion to the complex slowly at a rate that was essentially equivalent to when both
absorbing at 396 nm is shown in panel B. Buildup of the L-Arg and HB were bound. Our observing two kinetically
initial NO complex was monophasic and best fit to a single- distinct heme irons is consistent with flash photolyss,(
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46) and resonance Rama#/j studies done with other NOS
isoforms that suggest at least two populations df-ReO
complex exist in samples saturated withBHalone. In the
present case, wherArg was added to kB-saturated INO§
all of the heme iron appeared to convert to the slow binding
species. The ability of-Arg and HB to slow CO binding
to INOS, is reminiscent of CO binding in cytochromes
P45Q.m and P45Q,, where the substrates camphor and
terpinol reduce the rate of CO binding 138- and 180-fold,
respectively, $6, 57. However, this effect is not universal
because substrate binding in cytochromes PgbGnd
P45Qw, has little or no effect on their CO combination rates
(58, 59.

L-Arg and HB may decrease the rate of CO binding by
constraining CO within the distal pocket of INQS Studies
of iron porphyrin model compounds such as Fe(TpivPP)-
(NMelm)CO and Fe(TPP)(py)CO have shown that thé-Fe
CO bond is linear in the absence of steric hindrar@@, (
61). In heme proteins, the Fe CO bond is often bent due
to steric constraints within the distal pocket. Forcing CO to
adopt a bent geometry is thought to lower its binding affinity
(61-66). For iINOSy resonance Raman investigations
suggest that CO is bound in a linear mode inith&rg- and
H,B-free form? whereas it appears to bind in a bent mode
in the presence af-Arg and HB (47). This would explain
our observation of a rapid rate of CO binding in the absence
of L-Arg and HB and is consistent with this form of the
iINOS,« dimer containing an open distal pocket that allows
CO to bind unhinderedL-Arg and HB may constrain CO
binding either by filling the space directly above the heme

Biochemistry, Vol. 37, No. 11, 1998783

L-Arg
NO No H4B NO
NO e |
e () - ()
cys-S cys-S cys-S cys-§°

Ficure 10: Model for NO binding to iINO&. NO can bind to
either ferric or ferrous INO§ and form a six-coordinate complex.
The F¢'—NO complex is stable, while the FeNO complex
converts to a five-coordinate complex unlesgrg and H,B are
present.

factor of 12-40. A similar decrease was observed fot e
CO P45Q,mupon binding camphor, which is known to bind
over the top of the hemes(). A steric effect upon-Arg
binding is easy to imagine given that crystal structure data
indicate L-Arg likely binds in the distal pocket above the
heme to interact with heme-generated reactive oxy8én (
However, we also saw that,B has a similar effect on
slowing CO dissociation from a portion of INQS Whether
H4B binds above the heme or indirectly causes a protein
conformational change that restricts CO is still unknown.

Together, the CO binding data indicate thakrg and H,B
play an important role in shaping the distal heme pocket in
the INOSy dimer and suggest that in the absence-#frg
or H4B the distal pocket may minimally restrict ligand access
to the heme.L-Arg and HB’s capacity to constrain CO
binding in the distal pocket is also associated with stabiliza-
tion of the thiol-iron bond in the F&~CO complex.

NO Binding to Ferrous iNOs NO can bind to heme-
proteins to form stable six-coordinate"FeNO complexes,

or by causing a protein conformational change that constricts OF It €an cause the trans axial ligand to weaken or break,

the distal heme pocket.
CO dissociation from.-Arg- and HB-free INOSx was

fast when compared with other hemeproteins, but was slower

than CO dissociation from heme model compounds. For
most heme proteins, CO dissociation from their respective
6-coordinate complexes ranges from 0.013 to 0.000262!,
67—72). Slow CO dissociation from the heme iron is though
to be due to a positive trans effect contributed by the
proximal ligand, which in many cases is a histidine nitrogen.
However, there appear to be exceptions in that the CO
dissociation rate from six-coordinate, histidine-ligated gua-
nylate cyclase is 3.5%at 10°C (73). Cytochrome P-459,
also exhibits a relatively faster rate of CO dissociation (2.3
s1, at 4°C) (57), implying that a proximal thiolate ligand

may have a weaker trans effect than an imidazole nitrogen.

For protein-free compounds such as five-coordinate car-
boxyheme in cetyltrimethylammonium bromide detergent
(46), the CO dissociation rate is only 4-fold higher than what
we observed for iNOg in the absence af-Arg and H,B.
Thus, fast CO dissociation in the absence-#frg and H,B

may be due to the thiolate axial ligand and an unusually open

distal pocket. Alternatively, it may be due to the presence
of a small fraction of five-coordinate complex, from which
CO dissociation is rapid.

As seen for CO association to iIN@Q3hat contained only
H4B, CO dissociation occurred at a fast and a slow rate,
indicating two species are present-Arg decreased CO
dissociation rates in the absence or presence8f by a

2J. Wang, personal communication.

thus forming five-coordinate fe-NO complexes{4—80).
Three states are spectrally distinguishable by the position of
the Soret band: six-coordinate NO complexes have a Soret
band ranging from 427 to 440 nr§, 81, 82, while those
with a weakened or broken trans axial ligand bond exhibit
Soret bands ranging from 417 to 420 nib( 76 and from
395 to 400 nm 17—80), respectively. In.-Arg and H;B-
free INOS,, there was transient formation of a six-coordinate
Fe'—=NO complex (Soret absorbance at 436 nm) which
quickly converted to another species whose Soret band
position (396 nm) identifies it as the five-coordinate! Fe
NO complex of INOS,. Indeed, its spectrum is identical
with that of five-coordinate Fe-NO model compounds
(77—80). Thus, the INOS dimer in the absence afArg
and H,B behaves much like the cytochrome P-450s, which
in general form unstable six-coordinaté'F&NO complexes
(81, 83, 84. Our stopped-flow studies have characterized
the process for iINO§ (Figure 10). The first step is
reversible formation of the six-coordinate"FeNO complex
whose rate is dependent on the NO concentration, while the
second step is reversible breakage of the-ittimolate bond
whose rate is independent of the NO concentration. A
similar model can describe CO binding and subsequent heme
ligand rearrangement for ferrous iINQ3Sn the absence of
L-Arg and HB.

Spontaneous conversion of'FeNO iINOS,, from a six-
to five-coordinate complex can be explained by the negative
trans effect of NO&1, 85, 8¢ which favors cleavage of the
iron-thiolate bond located on the opposite side of heme iron.
The fact that this did not occur at all wherArg and HB
were present together indicates these molecules completely
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stabilize the six-coordinate FeNO complex of iNOS,. NO complex forms during catalysid§), while in iNOS, a
Because substrates cannot completely stabilize the six-Fe"—NO complex predominate89).> Because NOSNO
coordinate forms of Fe-NO cytochrome P4508(, 83, 84, complexes are catalytically inactive, their formation causes
iINOSw is a unique heme-thiolate protein in this respect. the enzymes to operate at only a fraction of their true
The rate of NO binding to ferrous iNQSwas decreased = maximum activity. We have proposed that NO complex
only 1.3—2.6-fold in the presence afArg and HB, much formation controls the rate of NO synthesis during the steady
less than the 12 to 42-fold rate decrease we observed forstate by setting up a condition in which the-@pendent
CO bhinding. The difference can be understood based onbreakdown of the NO complex becomes the rate-limiting
evidence obtained with sterically unhindered heme model step 40). Our current data will also enable a comparison
compounds &7) and heme proteins such as hemoglobin A of NO and Q binding to ferrous iINO§&, which may help
(88) or cytochromec oxidase 89) which all show that a  explain how the enzyme partitions between its active and
bent Fé—NO bond is preferred. Apparently, in the presence inactive forms during NO synthesis. In addition, we
of L-Arg and HB, the distal pocket of INOg can better speculate that the high off-rates observed for NO complexes
accommodate diatomic ligands that prefer to bind to the iron of INOSox may be a key feature that drives decomposition
in a bent mode (NO), while those that prefer a linear mode of the enzyme-NO complex and promotes regeneration of
(CO) are constrained. Similar considerations may explain ligand-free iNOS, which can again reduce its heme iron, bind

why L-Arg and H,B have only a small effect on the kinetics O, and engage in productive catalysis.

of O, binding to ferrous neuronal NO2%), because @also
prefers to bind to the heme in a bent mode.

NO Binding to Ferric iINO§. Kinetic studies with a
number of heme proteins indicate that NO typically reacts
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faster with the ferrous rather than ferric form of the protein REFERENCES

(90—92). However, this apparently is not the case for
iINOS., because the association rates of NO to its ferrous
or ferric forms were similar, except itArg- and HB-free
INOS,«, where NO combination with the ferric form was
much slower. The latter result is consistent with our light
absorbance spectral data that show under this condition that
the INOS ferric heme iron is six-coordinate, low-spin in
the absence of-Arg and HB. Thus, NO binding would
depend on initial displacement of the sixth ligand, which is
likely to be water or hydroxide. An identical limitation on
NO binding to other six-coordinate ferric heme proteins has
been reported93). In contrast, with HB or L-Arg, the
iINOS.x heme iron is predominantly five-coordinate high-
spin, and the unoccupied sixth position allows NO to bind
directly to the iINOS ferric heme iron.

Our results indicate that the 'fe-NO complex of INOS«
is more stable relative to the FeNO complex, because in
the absence af-Arg and HB only 10-15% of the ferric
complex converted to a five-coordinate form owe 1 h
period as judged by the shift in the Soret absorbance from
440 to 395 nm. Thus, significant conversion to the five-
coordinate NO complex is expected only under conditions
whereL-Arg and H,B are deficient and the heme iron can
be reduced either before or after binding NO. A similar
result has been observed for neuronal NOY).(

Implications. Our CO binding data suggest thaf\rg and
H,B have a profound effect on the iN@Sdistal heme
pocket, converting it from a relatively open, unrestricted
pocket to one that is constrained and only able to bind small
heme iron ligands such as CO, NO, angd Q'he high rates
of CO binding obtained in the absenceefArg and HB
suggest that CO access to the iNP@®eme is almost
completely unrestricted under this condition. In addition,
the magnitude of rate decreases caused-Byg or H,B
indicate that their relative capacities to restrict heme pocket
access are somewhat similar, although their binding sites
differ.
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